Abstract. Tau that belongs to the family of microtubule-associated proteins is the major constituent of intraneuronal fibrillar lesions described in Alzheimer's Disease (AD). Its sequence homology with salivary proline-rich proteins (sPRP), known to fix tannins, combined with some epidemiological evidences that a moderate consumption of polyphenols presents benefits in AD, suggests that tannins can bind Tau protein and, perhaps, could inhibit or modulate the cascade of events leading to AD symptoms. To study the affinity of tannins towards the Tau proline rich domain P2, we have first synthesized a peptide representative of this domain, determined its 3D-structure and its affinity towards different procyanidins (epicatechin-EC, epicatechin gallate-ECG, epigallocatechin gallate-EGCG and procyanidin B3 and B2) by using both NMR, molecular modelling and dynamic techniques. We have found that the Tau peptide is able to fix the different tested tannins in two distinct domains with an affinity in the mM range.
Introduction
Alzheimer Disease (AD) is a progressive neurodegenerative disorder and major public health concern within an aging population. This pathology, leading to a progressive and irreversible loss of memory and cognitive functions, is characterized by the presence of ␤ amyloid plaques and neurofibrillary tangles (NFT) in the brain. NFT are mainly composed of the microtubule-associated Tau protein in an abnormal hyperphosphorylated state. NFT are first present in the hippocampic region (involved in memory management), and appear in the associative cortical regions, and across the cerebral cortex. This chain of reactions leads to the death of a large number of neurons and, consequently to the appearance of clinical signs [1] . The involvement of Tau in AD is commonly established, notably, its abnormal phosphorylation leads to its polymerization into NFT and to the subsequent microtubules disorganization [2] [3] [4] . Phosphorylation of Tau takes place on serine/threonine residues principally located in the basic proline-rich domains P2 of the protein [3] . The similarities between P2 and the amino acid sequence of basic Proline-Rich proteins of saliva (sPRP) (richness in proline and glycine residues, presence of basic amino acids such as glutamine or arginine) suggest that these domains are potent targets able to fix polyphenols [5, 6] and that tannins (polyphenols) could inhibit Tau aggregation [7] . For this purpose, we synthesized a peptide of 20 residues length, issued from the P2 domain of Tau, corresponding to the G201-P220 segment (Scheme 1, A) containing four serines and four threonines, some of which being known to be specifically phosphorylated in the disease [8] . Then we have monitored the interactions between five different tannins of the procyanidins family (Scheme 1, B to D) and the peptide by NMR and molecular dynamics. Monitoring the peptide proton chemical shift induced by adding the different procyanidins, gives rise to some physicochemical parameters of interest: the stoichiometry of the complex formed, the interaction sites (n) and the dissociation constant of the complex formation (Kd). The obtained results evidence the specific interaction between four of the five tested tannins in two distinct domains of the Tau peptide with different affinities depending on the tannin structure.
Materials and methods

Synthesis
Synthesis of Tau peptide ( 201 GSPGTPGSRSRT PSLPTPPT 220 ) was performed by using a solid phase strategy (Merrifield 1963) with a FastMoc chemistry on an Applied Biosystem synthesiser 431 A. ECG, B3 and B2 dimers were synthesised by using an approach previously developed [9] . EGCG and epicatechin were purchased from Sigma-Aldrich. 
Samples preparation
NMR spectroscopy
All NMR spectra were recorded at 293 K on a Bruker Avance III 600 spectrometer equipped with a 5 mm gradient inverse broadband probe with 2 H lock. Proton and carbone chemical shifts are given with respect to TSP (Tetramethyl Silyl Propionate). For the total assignment of the peptide NMR resonances and the constraints file built for molecular modelling purpose, the usual 2D NMR spectra were recorded: TOCSY, HSQC and NOESY. Data processing and analysis were performed using the Topspin software version 2.1.
For titration experiments, chemical shift variations of some protons of the peptide were analyzed as a function of procyanidin concentration using the equation previously described for a multisite model [10] : 
Molecular and dynamic modelling
Minimization and molecular dynamic runs were performed under NMR constraints (NOE and 3 J). The following distance constraints were chosen according to the NOE correlation intensities: strong, 2.2 ± 0.4Å; medium, 3.5 ± 0.9Å; and weak, 5.0 ± 0.5Å. These distance constraints are chosen in order to ensure three contiguous classes of distances without overlap but also without any "forbidden" intervals. Conformational minima were found using the modified AMBER* (1991 parameters) force field as implemented and completed in the MacroModel program and dynamic run calculations were accomplished using GROMACS version 4.5 and the GROMOS96 force field (G43a1).
Results
Tau peptide 3D structure
The total NMR resonances ( 1 H, 13 C and 15 N) assignment of all residues of the peptide was achieved using the sequential assignment strategy developed by Wüthrich [12] . The TOCSY spectrum gives access to the identification of the amino acid type thanks to its specific spin system (Fig. 1, blue) : for example, S202 have its NH resonance as a doublet at 8.68 ppm correlated with its H␤ at 4.80 ppm and ␣ around 3.8 ppm. The NOESY spectrum gives rise to the sequential assignment thanks to the correlation pattern between the NH of an amino acid (i + 1) and the H␤ of the previous residue (i) (Fig. 1, red) : for example, the NH resonance of S208 at 8.17 ppm is correlated with the H␤ of G207 at 4.0 ppm. The constraints file, composed of 13 3 J (NH-H␤) and 18 NOEs, was used to calculate the 3D-structure preference that the peptide adopts: the peptide presents a non-structured and extended confor- mation. Figure 2 displays the 10 best conformations obtained under NMR constraints.
Titration experiments
When procyanidins are progressively added to the peptide solution, significant chemical shift variations are observed, mainly in the NH region of the peptide (Fig. 3) . Two regions are affected: around T205 and T212.
The chemical shift variations induced by the different tannins tested are displayed in Fig. 4 (NH of T212), and showed saturation curves characteristic of a specific binding. In fact, all the titration experiments were performed in a tannin concentration range avoiding their self-association [13, 11] and thus the consequential non-specific binding [14] . Experimental data points were fitted using Eq. [1] resulting from a simple hostguest model for which several sites (n) exhibit the Table 1 Binding Data. Dissociation constant (Kd), and number of procyanidins binding sites (n) were obtained from the fit of experimental chemical shift variations using Eq. [1] . The different Kd ad n values obtained are averaged and reported ± SD. NM: not measurable
same dissociation constant (Kd) towards the peptide [15] . The fitting was performed using Kd, n and δ max as adjustable parameters, and the values obtained are reported on Table 1 . It is noteworthy that, if epicatechin is not able to fix the peptide since no chemical shift variation is observed when it is added to the peptide solution, changes are observed for the two galloylated monomers ECG and EGCG or for the two dimers B2 and B3. Two set of compounds can be distinguished: contrary to the non-galloylated dimers B2 and B3, the galloylated procyanidins induce great chemical shift changes starting at 0.5 mM, and reach a plateau for 5 mM. Those differences are expressed in the Kd values calculated from the fitting of the experimental data points: the Kd for ECG or EGCG is close to 1 mM while it attains 4 mM for the two dimers. However, the number of fixation sites remains unchanged whatever the procyanidin considered and is close to three.
Molecular dynamics
Molecular Dynamic calculations were run on a system composed of one peptide and four procyanidins ECG, EGCG, B2 or B3 in their preferred conformations, disposed randomly in a (100Å) 3 box full of water molecules. With such conditions, the in silico concentrations are about 7 mM for procyanidins and 1 mM for the peptide, and are close to the experimental values. All the calculations were run at least three times with different random seeds and, the most frequent scenario is described above.
At the end of the calculation corresponding to a 60 ns dynamic, in all the cases, two or even four procyanidins (whatever it is, i.e. EGCG, ECG, B2, B3) fix the peptide in the two distinct domains: around T205 and T212 (Fig. 5) , confirming the data observed during the titration experiments. However, some discrepancies are observed from one procyanidin to another, notably in their ability to develop hydrogen bonds with the peptide. EGCG and, in a less extent, ECG appear to establish a high level of relatively stable hydrogen bonds with the peptide much more than the non-galloylated procyanidins B2 and B3 for which, at the most, one highly labile hydrogen bond is observed. These results can explain the affinity differences measured for the four procyanidins studied.
Discussion
The aim of this work was to study the ability of some polyphenols belonging to the procyanidin family, to bind specifically the Proline-Rich region of Tau. The chosen peptide (G201-P220) arises from the P2 region of Tau, which is known to be the place of the multiple phosphorylations, that modulate both its physiological role of microtubule binding and its aggregation into NFT characterizing Alzheimer's diseased neurons. The compounds tested were chosen in order to scan the structural variations commonly observed for procyanidins, notably the degree of oligomerization, the galloylation or the stereochemistry. The objective was to evaluate the influence of the procyanidins structure upon their affinity for the peptide.
Both NMR and Molecular Modelling data converge to the same conclusions: except for the monomer epicatechin, all the tannins tested were able to fix specifically the peptide in two distinct regions (T205 and T212) by hydrogen bounds. In all cases, up to three procyanidins were able to bind the peptide but with different affinities depending on their structure. The galloylated procyanidins ECG and EGCG exhibit a higher affinity with respect to the non-galloylated procyanidins suggesting that the galloyl group can play a critical role in the interaction. However, and contrary to what was observed for saliva PRPs [14] , the two dimers B2 and B3 have the same affinity, showing that the stereochemistry of the heterocyclic ring, meanwhile, does not influence the interaction strength.
Seed-derived polyphenols, such as procyanidins, are described to reduce Tau pathology in a mouse model of Tauopathy [16] , probably by altering the ultrastructure of the NFT [6] or even by playing a key role in the phosphorylation process of Tau [18] : they appear to disrupt the filamentous structure of Paired Helical Filaments (PHF, intermediary Tau structure leading to the formation of NFT) and to interact with the P2 region [6] . Since this region is involved in the phosphorylation of Tau (notably S214 which phosphorylation is described to play a role in the aggregation process of Tau [8] ), it could suggest that polyphenols could have a protective effect through the neutralization of this phosphoepitope [17] . Moreover, the correlation observed between a seed-derived polyphenols-enriched diet and the decrease in AD hallmarks (notably the inhibition of Tau aggregation) determined on mice model of AD lead to envisage that polyphenols could, at least, partially be able to pass through the hematoencephalic barrier [16] .
Even if our present work contributes to understand the mode of action of these compounds at a molecular/atomic level, the low affinity measured for procyanidins towards P2 (in the mM range) has to be questioned in term of biological meanings. However, two facts have to be notified: first, this low affinity is surprising when we take into account the IC50 value measured to disrupt PHF (<M range [6] ). Nonetheless, in the present work, Kd were determined on a short peptide of 20 amino-acid residues and they are expected to be lower on the entire Tau protein (440 amino-acids) due to the ability of a longer peptide to fold and surround the procyanidins, thereby increasing the association by cooperative intra-molecular interactions [18, 19] . The second point to underline concerns the affinity of kinases towards their proline-rich motif target which is also described to be in the mM range [20] , so that procyanidins and kinases could act as competitors towards this domain of Tau. All these preliminary results are undoubtedly encouraging in the search for new drugs susceptible to slow down or even to prevent the Alzheimer's Disease.
